ABSTRACT
INTRODUCTION
Among compounds that inhibit polyphenoloxidase (PPO) activity, sulfur dioxide (SO 2 ) is one of the most effective and is used in the food industry for many years (Sayavedra-Soto and Montgomery 1986; Taylor et al. 1986 ). However, restrictions of sulfite usage in foods associated with consumer concern about its safety generate the need for substitutes. Most of the alternatives are formulations of ascorbic acid (AA) and citric acid (CA) (Santerre et al. 1988) . The quinone-reducing capacity and efficiency of AA is largely dependent on AA concentration. When applied at small concentrations, AA may be quickly consumed in the reducing process and may prevent the formation of colored polymers for only a limited time. Large AA concentrations may provide permanent protection against browning (Vámos-Vigyázó 1981) . El-Shimi (1993) reported that treatment with 1% AA resulted in almost complete inactivation of PPO in apple slices.
AA is demonstrably less effective than SO 2 in controlling browning (Sapers et al. 1989) . Combinations of antibrowning agents are therefore recommended, aiming to enhance the relative activity of any single antibrowning agent individually. Because of the numerous factors that may affect the efficacy of an antibrowning agent or a combination thereof (i.e., penetration into the tissue, pH, competing processes, side reactions), the performance of the combined agents must be evaluated empirically for each commodity (Sapers et al. 1989) .
A typical combination may include a chemical reductant (e.g., AA), an acidulant (e.g., CA) and a chelating agent (ethylene diamine tetra-acetic acid or EDTA). In many cases, the enhanced activity of the combined ingredients is additive, although synergism is often claimed for experimental blends of antibrowning agents (Santerre et al. 1988) .
Citric acid (CA) is often used in conjunction with AA as a chemical inhibitor of enzymatic browning (Ponting et al. 1972) . Pizzocaro et al. (1993) reported that a 0.2% solution of CA resulted in little or no inhibition of PPO in 'Golden Delicious' apple cubes, and that dipping the apple cubes in a solution of 1% AA for 5 min resulted in an increase in PPO activity, while a 5 min dip in a solution containing a mixture of 1% AA and 0.2% CA resulted in 90-100% inhibition of PPO. Janovitz- Klapp et al. (1990) reported that combining 50-70 mM CA with AA exhibited little effect on the PPO activity of apples (cv. Red Delicious).
The aim of this research was to evaluate the influence of chemical solutions: 42.6 mM AA (0.75% w/v); 21.3 mM AA + 33.8 mM calcium chloride (CC) and 14.2 mM AA + 22.5 mM CC + 13.0 mM CA on PPO activity and phenolic content of minimally processed (MP) apple cubes (cv. Jonagored) during storage at 4C and to observe potential relationships with enzymatic browning.
MATERIALS AND METHODS
Apples (cv. Jonagored) were grown at Estação Regional de Fruticultura e Vitivinicultura -Quinta de Sergude, Felgueiras, Portugal. The apples were harvested on September 25, 1995. Fruits were stored in air at 4C for 1-3 months until used in the experiments.
Treatment and Storage Conditions
Apples stored under refrigeration were transported weekly to the laboratory in Porto. The apples for each experiment were initially washed in chlorinated water (150 ppm of active chlorine for 5 min) (Wardowski and Brown 1991) to prevent surface contamination. After peeling and coring, each apple was cut into cubes of approximately 1.5 cm and randomly selected for selected experiments. Apple cubes were dipped into a chemical solution for 5 min, then drained in a plastic colander (Rocha et al. 1998) . Control apple cubes were dipped in distilled water. The chemical solutions that were tested were: 42.6 mM AA (0.75% w/v); 21.3 mM AA + 33.8 mM CC and 14.2 mM AA + 22.5 mM CC + 13.0 mM CA (Rocha et al. 1998) . Three replicates of 30 apple cubes were used for each experiment. The control and treated apple cubes were stored in open glass jars at 4C and atmospheric pressure for 7 days in the dark. The apple cubes were evaluated in terms of several quality attributes at selected times of storage.
Color Assessment
The cut apple surface color was determined with a hand-held tristimulus reflectance colorimeter (Minolta CR-300, Minolta Corp., Ramsey, NJ). The color was recorded using the CIE-L*, a*, b* scale, where L* represents lightness, a* represents chromaticity on a green (-) to red ( + ) axis and b* represents chromaticity on a blue (-) to yellow ( + ) axis. Numerical values of a* and b* were converted into hue angle (Hue = tan -1 (b*/a*)).
Assay for Polyphenoloxidase (PPO) Activity
Enzymatic activity was assayed by determining the rate of increase in absorbance at 420 nm and 25C in a Perkin-Elmer Lambda 15 UV/VIS spectrophotometer (Shimadzu Corp., Tokyo, Japan). The reaction mixture contained 3.0 mL of catechol substrate, the solution freshly prepared in 0.05 M sodium phosphate buffer at pH 6.5 and a fixed quantity of PPO. The reference cuvette contained only the catechol substrate solution. The reaction was conducted at 25C. The linear section of the activity curve as a function of time was used to determine PPO activity (U/ m g protein/min). The unit for the PPO activity was defined as a change of 0.001 in absorbance at the conditions of the assay (Galeazzi and Sgarbieri 1981; Pizzocaro et al. 1993) . Determinations were performed in triplicate for each of the three replicates of each experiment.
Total Phenolic Content
Each replicate of 30 apple cubes was crushed, homogenized with water and centrifuged at 1200 rpm for 10 min at 4C. Total phenolic content was determined using the Folin-Ciocalteau reagent (Folin and Ciocalteau 1927; Singleton and Rossi 1965) . Dopamine was used to obtain the standard curve (0.5-5.0 m g dopamine/mL), and the concentration of phenols was calculated directly from the standard curve because the control standards and the apple cubes were treated identically. The total phenols were expressed as m g dopamine/100 g of fresh weight of the apple cubes.
Browning Index (BI)
Fifty grams of frozen apples from each replicate of 10 apples were homogenized in a laboratory blender for 2 min. Homogenates were centrifuged at 800 g for 25 min at 4C, filtered through Whatman no. 4 filter paper (Whatman, Maidstone, Kent, UK) and the absorbance of the resulting clear juice determined immediately at 420 nm and reported as the Browning Index (BI). Greater absorbance at 420 nm corresponds to greater browning of the tissue (Wrolstad 1976).
Protein Content
Protein concentrations were determined in experimental preparations by the colorimetric method described by Bradford (1976) . Protein contents were obtained by graphic interpolation on a standard curve calibrated with bovine serum albumin (BSA) at 595 nm.
Polyacrylamide Gel Electrophoresis
The apple PPO was separated into multiple forms by a modification of the polyacrylamide gel electrophoresis (PAGE) procedure described by Davis (1964) . A Bio-Rad Miniprotean II dual slab cell (Bio-Rad, Richmond, CA) was used for the electrophoresis. Bisacrylamide gels at 7.5% were used according to Laemmli (1970) , but under native conditions (i.e., without sodium dodecyl sulfate, SDS). Gels were incubated over 1 h in a solution of 40% methanol (v/v), 10% acetic acid (v/v) and 0.1% Coomassie Brilliant Blue R-250 (w/v) using a shaker (Heidolph, Schwabach, Germany). Gels were discolored in a solution identical to the solution described previously but without the colorant to reveal the protein bands. Gels were dried under vacuum in a Bio-Rad Gel Dryer, model 583 (Bio-Rad, Richmond, CA) during 2 h at 80C, and the relative mobility (RM) was calculated.
Statistical Analysis
To compare the experiments performed on selected different dates, differences between the controls in those experiments were taken into account.
The results from selected treatments were corrected by those differences: Corrected experimental result 2 = experimental result 2 + [(control 1 -control 2)/control (2)* experimental result 2]. Experimental result 1 was compared to corrected experimental result 2.
SAS Institute, Inc. (1982) was used for the analysiss of the experimental data. Statistical significance was assessed by two-way analysis of variance with the source of variation resulting from chemical treatment. Significant differences ( P = 0.05) between treatments were detected using Duncan's multiple range test. Correlation analysis was conducted between color parameters, PPO, phenolic content and BI. Attempts were made to establish the relationships between the parameters studied using " R " as the correlation factor.
RESULTS AND DISCUSSION

Color
The lightness (L* value) of all treated apple cubes was considered advantageous in comparison to the controls in reducing color changes after 7 days of storage (Table 1) . The other color parameters (a*, b* and hue) exhibited no differences ( P > 0.05) between the apple cubes treated with AA + CC and the control apple cubes (Tables 2-4). The apple cubes treated with AA exhibited the least browning, expressed as the highest L* value (Table 1 ) and hue angle (Table 4) ( P < 0.05) and the smallest a* (Table 2 ) and b* values (Table 3) . After 7 days of storage, the AA dip reduced the increase of a* value from 49.8 to 21.7%, the increase of b* from 26.7 to 8.7%, the loss of lightness from 7.5 to 0.7% and the decrease of hue from 8.2 to 3.9%. The AA + CA + CC treatment was intermediate between AA alone and AA + CC in its effect on the color parameters of apple cubes during 7 days storage (Tables 1-4). 
Polyphenoloxidase (PPO) Activity
A lag time was observed before any change of absorbance in PPO extracts, resulting from the chemical treatments tested in comparison to control apple cubes (Table 5) . Janovitz- Klapp et al. (1990) , in a study with PPO extracts from Delicious apples, also reported a lag period before any change in absorbance occurred in the presence of reducing compounds such as AA.
After the 3rd day of storage, the smallest PPO activity was observed for AA-treated apple cubes. AA treatment reduced the increase of PPO activity from ª 40 to 10% compared to control apple cubes after 7 days of storage. PPO extracted from AA-treated apple cubes exhibited an activity about 70% of the PPO activity of the untreated apple cubes (Table 5) .
Extensive literature reports the effects of AA on PPO activity extracted from selected sources: Ponting (1954) indicated that PPO isolated from either apples or mushrooms was reversibly inactivated by AA; Janovitz- Klapp et al. (1990) reported that the enzymatic browning of apples was effectively inhibited by 0.5 mM AA, and the greater the ascorbic acid concentration, the longer the lag period and the slower the rate of browning following the lag period; Pizzocaro et al. (1993) studied the effect of AA, CA and sodium chloride on PPO activity of 'Golden Delicious' apple cubes and reported that 90-100% inhibition was obtained with a 5 min dip in mixtures of 1.0% AA plus 0.2% CA or 1% AA plus 0.05% NaCl.
All of the chemical treatments in this study resulted in lower PPO activity than the control apple cubes. Nevertheless, no statistically significant differences ( P > 0.05) were observed between apple cubes treated either with AA + CC or AA + CC + CA after 7 days of storage (Table 5 ). Greater PPO activity was observed in apple cubes treated with AA + CC or AA + CC + CA when compared to apple cubes treated only with AA, attributable to the greater water loss observed for the AA + CC or AA + CC + CA treatments which may have resulted to membrane damage and to a release of PPO or substrate (Nunes et al. 1995) .
Total Phenolic Content
The chemical treatments selected resulted in an increase (P < 0.05) in the phenolic content of the apple cubes for both storage times (Table 6 ). AAtreated apple cubes exhibited the greatest phenolic content (P < 0.05) after the 3rd day of storage. AA resulted in a stabilizing effect on the metabolism of the phenols as reported by Lattanzio and Linsalata (1989) . No differences (P > 0.05) were observed between the apple cubes treated with AA + CC or AA + CC + CA (Table 6) .
Browning Index (BI)
AA-treated apple cubes exhibited the lowest BI after the 3rd day of storage, confirming the results of the color difference experiments (Tables 1-4 ). The lowest BI corresponds to the least browning of the apple tissues (Wrolstad 1976). After 7 days of storage, no differences were detected between the control apple cubes and the apple cubes treated with AA + CC or AA + CC + CA (P > 0.05) ( Table 7) .
Electrophoretic Data
Chemical treatments did not affect the electrophoretic pattern of PPO extracted from the Jonagored apples stored for 7 days of at 4C. Only one band was detected with an RM of 0.45 towards the anode, agreeing with a previous study (Rocha and Morais 2001a) .
Relationship Between Color, BI, Total Phenolic Content and PPO Activity
Attempts were made to establish the relationships among the parameters studied for AA-treated apple cubes, because AA treatment was the best treatment for the preservation of the quality of fresh apple cubes. Large correlations were obtained between color parameters and the total phenolic contents or the BI of apple cubes (Table 8) . A negative correlation observed between 
